Ag-Sn/CeO 2 catalysts were synthesized by the co-precipitation method with different Ag-Sn wt.% loadings and were tested for the oxidation of CO. The catalysts were characterized by powder X-ray diffractometry (XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), energy dispersive X-ray spectroscopy (EDS), and selected area electron diffraction (SAED) techniques. UV-Vis measurements were carried out to elucidate the ionic states of the silver particles, and the temperature-programmed reduction (TPR) technique was employed to check the reduction temperature of the catalyst supported on CeO 2 . There are peaks for silver crystallites in the X-ray diffraction patterns and the presence of SnO was not well evidenced by the XRD technique due to sintering inside the 3D array channels of CeO 2 during the calcination process. The Ag-Sn/CeO 2 (4%) catalyst was the most efficient and exhibited 100% CO oxidation at 100 °C due to small particle size and strong electronic interaction with the SnO/CeO 2 support.
Introduction
Silver oxide nanoparticles (NPs) are considered excellent catalysts for many catalytic reactions such as formaldehyde synthesis, NO x abatement, ethylene epoxidation, oxidative coupling of methane, selective oxidation of ammonia and ethylene glycol, partial oxidation of benzyl alcohol and oxidation of styrene and carbon monoxide.
1- 17 The catalytic performance of silver NPs largely depends on surface area, surface texture, synthetic methods and reaction conditions. It has been reported by researchers that pretreatment of silver oxide in O 2 at high temperature results in the formation of subsurface oxygen which activates the catalyst. [18] [19] [20] [21] [22] [23] There are endorsements that Ag 0 species is an excellent catalyst below 140 °C, while above 140 °C, Ag + is much active for CO oxidation. 5 CO catalytic oxidation has been extensively studied for its widespread applications in the subject of environmental protection, closed cycle CO laser and selective oxidation of CO in reformer gases for fuel cell applications, etc. [24] [25] [26] A number of metal nanocatalysts (e.g., Au/TiO 2 , Pt/Al 2 O 3 , etc.) have been recognized to be very effective in CO oxidation reaction. [27] [28] [29] It has been accepted that silver dispersed on silica is more dynamic and stable than silver supported on carbon nanotubes or reducible oxides (Mn 2 O 3 , TiO 2 ). [30] [31] [32] Afanasev et al. 33 have reported that Ag supported on fumed silica (4 wt.%) is very effective in CO oxidation reaction [T 100 = 30 °C] . On the other hand, Yu et al. 34 testified that the catalytic efficiency of silver NPs supported on SiO 2 for CO oxidation at ambient temperature is quite low due to particle agglomeration and single phase of the support materials. Zhang et al. 35 have also reported that silver NPs on mesoporous silica (SBA-15) is an ideal candidate for CO oxidation (T 98 = 20 °C) and they have proposed evaporation-deposition-diffusion mechanism for metal-supported interactions. Zhu et al. 36 have published that gold NPs confined within the mesoporous silica are stable after heat treatment. Sun et al. 37 explored that due to the confinement effect of mesoporous channels of the support for silver NPs, the particles are located outside as well as inside the channels even after thermal treatment at high temperature (500 °C).
The surface defects, morphology and re-crystallization of solids play an important role in the surface reaction of gases, gas diffusion and adsorption. [38] [39] [40] The unsaturated bonds present on the surface of solid hybrid/composite materials act as active sites for gas adsorption. The changes in morphology may be thermal or reaction induced. 39 The thermally induced morphological changes occur with or without the presence of reacting atmosphere while reaction induced morphological change takes place only in a reacting atmosphere. These induced changes result in a structure different from those formed even after thermal treatment in inert atmosphere or vacuum. 39, [41] [42] [43] This phenomenon is called adsorbate-induced alterations of the surface free energy. The adsorption of O 2 on solids at elevated temperature decreases the surface free energy. However, the thermal treatment of silver at high temperature is not affordable due to low melting point (960 °C), reversible redox behavior, sintering inside the support channels and morphological changes. 17 Thus, there is a need of third body metal to facilitate the redox behavior of silver and also its sintering inside the support channels without severe thermal treatment.
In the present work, Ag-Sn (with equal wt.% loading) bimetallic nanocatalysts supported on ceria were synthesized for CO oxidation reaction using co-precipitation method. It was observed that the tin oxide sintered in the 3D array of ceria during thermal treatment (at 400 °C) formed a platform for silver NPs. The tin oxide particles facilitated the silver sintering and controlled its redox behavior for catalytic purposes. [44] [45] [46] Our research group is still interested to further investigate and propose a mechanism for this dual function of tin oxide NPs in catalysis.
Experimental

Synthesis of ceria and catalysts
For the synthesis of ceria, Ce(NO 3 ) 3 ⋅6H 2 O (1.5 g; 3.45 mmol) was dissolved in 25 mL of distilled water. To the cerium salt solution, aqueous NaOH (2 mol L -1 ; pH > 12) was added dropwise under magnetic stirring at room temperature leading to the formation of a yellow precipitate. The product was obtained at folded filter paper, washed with excess distilled water and dried at 105 °C. 
Similarly, co-precipitation method was employed for the synthesis of Ag-Sn/CeO 2 catalysts for which CeO 2 slurry was prepared in distilled water (25 mL) and the salt solutions (AgNO 3 and SnCl 2 ⋅2H 2 O) with an appropriate quantity for the catalysts were added dropwise. The salt solutions were added separately to avoid the precipitation of Ag + and Cl -(Ag + + Cl -→ AgCl ppt ). pH of the mixture was maintained at 12 by adding NaOH solution dropwise under gentle stirring at room temperature. Powdered catalysts were obtained after washing with distilled water till the pH came to neutral. After drying, the catalysts were thermally treated at 400 °C to remove impurities. The different catalysts were synthesized like Ag-Sn/CeO 2 (1%), Ag-Sn/CeO 2 (2%), Ag-Sn/CeO 2 (3%) and Ag-Sn/CeO 2 (4%) in accordance with the successive increase in the Ag-Sn wt.% loadings.
Characterization techniques
PANalytical diffractometer (X'Pert PRO 3040/60) with a Cu K α (λ = 1.544206 Å) radiation generated at 40 kV and 30 mA was used for X-ray diffractometry (XRD) measurements, which were carried out at a speed of 0.015 degree s -1 . Surface morphology of catalysts was examined by scanning electron microscopy (SEM) (JEOL JSM-6610LV) and high-resolution transmission electron microscopy (HRTEM) of samples was conducted with FEI Company Titan 80-300 CT TEM by operating it with the acceleration voltage of 300 kV. Moreover, the energy dispersive X-ray spectra (EDS) of samples were also acquired during their conventional transmission electron microscopic (CTEM) investigations. Finally the selected area electron diffraction (SAED) patterns from various regions of samples were acquired for the determination of crystal structures. It should be noted that the entire electron micrographs acquired with TEM were recorded on a 4 k × 4 k charge coupled device (CCD) camera of model US4000 from Gatan, Inc. The UV-Visible (diffuse reflectance) spectra were recorded with a UV-1800 spectrophotometer (Shimadzu). The temperatureprogrammed reduction (TPR) analyses of the samples were carried out on a Micromeritics (Chemisorb-2750) with H 2 /Ar (10 vol.%) as a reducing agent (flow rate of 35 cm 3 min -1 ) at a heating rate of 15 °C min -1 from room temperature to 800 °C. Hydrogen consumption was measured by thermal conductivity detector (TCD). Prior Vol. 26, No. 4, 2015 to the reduction, the samples (120 mg) were pretreated in helium at 300 °C for 90 min.
CO oxidation experiments
The CO oxidation catalytic activity was conducted by a fixed bed flow reactor system with a quartz tube (5 mm outer diameter) fixed in a tube furnace (Nabertherm B 180) at atmospheric pressure and 0.3 g of catalyst load. The reactant gas, consisting of CO, O 2 (1:2 vol.%) and balanced with Ar, was supplied with mass flow controller and mixed with each other, and then the final reactant gas mixture ( 
Results and Discussion
Characterization of the catalysts
Powder X-ray diffractometry (PXRD) technique was used to investigate the chemical composition and crystalline phases of the synthesized catalysts. The X-ray diffraction pattern of the free support (CeO 2 ) and catalysts with different Ag-Sn wt.% loading is presented in Figure 1 The X-ray pattern shows the threedimensional cubic structure of CeO 2 with Fm-3m space group. The calculated crystallite size from the respective 2θ values falls in the range of 4.6-10 nm and the average size is 7 nm. It is also obvious from the diffraction pattern of CeO 2 that all the characteristic peaks are broad and of quite low intensity due to small particle size. In catalysis, small particle size of the support plays an important role in metal particles distribution and reaction selectivity like CO oxidation. In the X-ray diffraction, patterns ( Other corresponding peaks of SnO do not appear in the diffraction pattern of the catalysts probably due to two possible reasons: (i) the particle size is very small, i.e., below the detection limit of X-ray radiation; and (ii) SnO is intermingled in the 3D array of cerium(IV) oxide in such a way that it forms a combined plate form for silver NPs and is not explored in the XRD analysis. Table 1 . There is no linear relationship between particle size and Ag-Sn wt.% loading. Possible reason for this nonlinear relationship is the phenomenon of particle agglomeration that takes place during co-precipitation synthesis. In case of Ag-Sn/CeO 2 (3%), the particle size of Ag and Ag 2 O reaches up to 18.32 and 22.12 nm (Table 1) , respectively, showing maximum crystallite aggregates formation. The calculated crystallite size (d) at 2θ = 33.5° for SnO via Scherrer equation ranges from 2 to 4 nm in all the catalysts systems.
An EDS spectrum of Ag-Sn/CeO 2 (4%) catalyst acquired in CTEM mode is shown in Figure 2 , which ratifies peaks for oxygen, silver, tin and cerium. There is a single point at 3 keV for silver, two peaks at 3.4 and 3.55 keV for tin and two peaks at about 3.9 and 5.2 keV for cerium metal. Peaks are originated at 8 and 0.35 keV due to copper grid and carbon polish, used for sample analysis. The EDS analysis illustrates that tin is the part of catalyst system but its presence is not confirmed by PXRD technique.
For surface morphology investigation, SEM analysis was carried out and the images are presented in Figures 3a-d . The SEM images clearly show the three dimensional cubic morphology of the CeO 2 supported nanocatalysts. HRTEM and small average particle size (3-8 nm) ( Figure 5 ) after calcination in air at 400 °C. It has been reported by Zhang et al. 17 that when the catalysts are treated at 500 °C temperature in O 2 silver's particles, dispersion increases but no such changes have been observed in this case which may be due to the stability of the silver NPs in the presence of tin oxide providing synergistically a platform along with ceria. No clear distinction can be drawn between silver and tin particles in the HRTEM micrographs due to a small difference in their atomic numbers. Collectively the particle size of the Ag-Sn in 4 and 2% metal loading catalysts is small in comparison to 3 and 1% metal loading catalysts (Table 1 and Figure 5 ). So, no clear correlation with increasing metal loading and particle size is observed in this study. SAED results are in good agreement with PXRD patterns of the catalysts.
The ionic states of silver in Ag-Sn/CeO 2 catalysts were further studied by UV-Vis measurements after thermal treatment at 400 °C in air. Figure 6 is the UV-Vis spectra of Ag-Sn/CeO 2 catalysts with different Ag-Sn wt.% loading. Generally, there are three bands from different oxidation states of silver reported in different research articles. These are absorption bands at 220 nm for Ag + , at 275 nm for Ag n δ+ clusters and at 410 nm for metallic Ag 0 NPs. 17 In the work presented, in the absorption spectra of Ag-Sn/CeO 2 catalysts, no band is observed at 410 nm for Ag 0 in all catalysts combinations suggesting the non-interaction mode of Ag 0 with support because of the reduced form. There are two surface resonance plasmon centered at 310 and 350 nm in the catalysts having 1, 2, and 3 wt.% loading of metals while the catalyst with 4 wt.% metal loading has only a small band at 350 nm. The band, centered at 310 nm, is attributed to the transition of electron from 4d 10 to 4d 9 5s
1 of highly dispersed Ag + ions, while band centered at 350 nm is due to the Ag n δ+ clusters. The observed red shift for Ag + (from 220 to 310 nm) and for Ag n δ+ (from 275 to 350 nm) in case of Ag-Sn/CeO 2 (3%), Ag-Sn/CeO 2 (2%), and Ag-Sn/CeO 2 (1%) catalysts is due to the strong interaction of silver particles with SnO/CeO 2 support, which synergistically facilitates the electronic transition.
1
In UV-Vis measurements the intensity of the band is related to the average size of the NPs. When the particles aggregate and particle size increases comparatively (up to certain extent), the intensity of the absorption band increases as in the case of Ag-Sn/CeO 2 (3%) catalyst while band of 310 nm for Ag + disappeared in Ag-Sn/CeO 2 (4%) catalyst combination, which is due to small particle size as confirmed by HRTEM and PXRD analysis. In the UV-Vis spectrum of pure CeO 2 support, there is a broad absorption band, centered at 370 nm for localized oxygen-cerium charge transfer transition. 48 The CeO 2 characteristic band in the different catalysts combination does not appear at the respective λ max probably due to the electronic interaction between the metal load and support. The absence of CeO 2 absorption band distinctly in the catalyst systems further confirm the red shift for Ag + and Ag n δ+ clusters and blue shift for CeO 2 due to silver support (SnO/CeO 2 ) interaction. 49 The UV-Vis studies strongly suggest the interaction of silver ionic species with SnO/CeO 2 which affects its redox properties during catalysis. The primary focus of this work is to control the redox property of silver without harsh thermal treatment by incorporating a third body metal, which is conclusively shown by UV-Vis studies.
The reducibility of the synthesized catalysts was examined by TPR technique and the H 2 -TPR profiles are presented in Figure 7 . In the examined temperature range (25-800 °C) the catalyst's H 2 -TPR profiles consist of three reduction zones, which are in the temperature range of 50-280 °C (α), 280-430 °C (β) and 430-750 °C (γ), respectively. According to the reported literature work, there is no reduction peak below 400 °C for pure support (ceria). 50 In our studies several reduction peaks are present in the H 2 -TPR profiles of the Ag-Sn/CeO 2 catalysts in the whole temperature range. Peaks in the temperature range of 50-280 °C (α-temperature zone) can be assigned to the reduction of oxygen adsorbed on the surface of catalyst and to the reduction of Ag 2 O to Ag. 51 In the total amount of silver, the oxidized species (Ag 2 O) is not of equal amount; so, the peak responsible for Ag + reduction is not of equal intensity in all the catalyst combinations. Consequently, the peak area for Ag + reduction, i.e., the amount of consumed hydrogen does not increase gradually with increasing amount of silver loading. Peaks in the β-temperature zone (280-430 °C) of the four catalysts are due to the reduction of surface capping oxygen of SnO. 44 There is an intense peak and a small shoulder in the γ-temperature zone (430-750 °C) in the H 2 -TPR profiles of Ag-Sn/CeO 2 (1%), Ag-Sn/CeO 2 (2%) and Ag-Sn/CeO 2 (3%) catalysts. The intense peak can be assigned to the reduction of bulk cerium(IV) oxide while the shoulder is due to the reduction of surface capping oxygen of ceria. 52 In the H 2 -TPR profile of Ag-Sn/CeO 2 (4%) catalyst, there is a small peak and a shoulder with almost the same intensity in the γ-temperature zone for the reduction of bulk and surface capping oxygen of ceria. The decrease in peak intensity for ceria reduction in Ag-Sn/CeO 2 (4%) catalyst is probably due to the small particle size and high surface area of CeO 2 , which ensures the dispersion of metals over the surface. The dispersion of metals over the support surface further facilitates the electronic interaction of metal with support and lower hydrogen consumption for CeO 2 reduction. Alternatively, it is obvious from the β-temperature zone that the peak responsible for the reduction of surface capping oxygen of SnO is comparatively intense in the H 2 -TPR profile of Ag-Sn/CeO 2 (4%) catalyst, presenting high consumption of hydrogen because of their enhanced electronic interaction. Kharlamova et al. 49 have also reported that Ag 2 O and CeO 2 interact with each other strongly and there is a simultaneous reduction of both in α-temperature zone. Therefore, the peak responsible for CeO 2 reduction in γ-temperature zone is very minute for Ag-Sn/CeO 2 (4%) catalyst in comparison with other options. There is shifting of peaks with changing metal wt.% loading on support due to interaction with support up to different extent. In the H 2 -TPR profiles of AgSn/CeO 2 (2%) and Ag-Sn/CeO 2 (3%) catalysts the reduction maxima for Ag + ion shift toward low temperature as compared to Ag-Sn/CeO 2 (1%) catalyst profile probably due to: (i) comparatively weak interaction of Ag + with support; and (ii) the increasing quantity of SnO also facilitates the reducibility of Ag + . The peak intensity in the TPR profile has a relationship with the size of nanocatalysts particle. The present TPR studies have shown that Ag-Sn/CeO 2 (4%) catalyst system consists of small reduction peaks due to very fine particle size of metals and support as well.
Catalytic activity
Catalytic activities of Ag-Sn/CeO 2 catalysts and pure support CeO 2 prepared by co-precipitation method and later calcination at 400 °C towards CO oxidation are shown in Figure 8 . The CO conversion increases with reaction temperature and all the silver catalysts can completely oxidize CO to CO 2 at certain temperature. For 99% conversion of CO, the temperature for catalysts with 1, 2, 3, and 4% metal loading are 152, 133, 157, and 98 °C, respectively (Table 2) . Meanwhile, pure support CeO 2 is also active in CO oxidation reaction and demonstrates 99% conversion at about 170 °C. The activity slope of CeO 2 can be divided into three temperature events. The first event is below 60 °C -its activity is lower than Ag-Sn/CeO 2 (3%) catalyst and presents 8% CO conversion at about 58 °C. The second temperature event is in the range of 60 to 120°C, where its activity is almost equal to Ag-Sn/CeO 2 (1%) catalyst. The third event is beyond 120 °C, where the slope again goes beneath the slope of Ag-Sn/CeO 2 (3%) catalyst. This irregular behavior of CeO 2 with temperature toward CO oxidation in comparison with other catalysts is due to the particle size, oxygen capturing property and thermal changes. At the same temperature, the four catalysts have exhibited relatively higher activities than the catalysts reported by Yu et al. 34 supplying the reaction mixture with flow rate of 50 cm 3 min -1 . This is because of silver loading with appropriate quantity and the incorporation of SnO in support platform for controlling the redox behavior of silver ion. The important factor that influences the activity of nanocatalysts is the particle size. The surfaceto-volume ratio becomes larger and the concentration of partially coordinated surface sites becomes higher when the particle size decreases. 34 It has been usually observed by different researchers that the activity increases with decrease in particle size. In the present research work, there is a relationship between silver particle size and catalytic activity. Based on 99% CO conversion the activity of the four catalysts is in the order Ag-Sn/CeO 2 (4%) > Ag-Sn/CeO 2 (2%) > Ag-Sn/CeO 2 (1%) > Ag-Sn/CeO 2 (3%). In comparison, the particle size was also in the same order: Ag-Sn/CeO 2 (4%) > Ag-Sn/CeO 2 (2%) > Ag-Sn/CeO 2 (1%) > Ag-Sn/CeO 2 (3%), as illustrated from HRTEM and PXRD data (Table 1 and Figure 5 ). Particle size smaller than 3 nm is also the worst for Ag catalytic activity because it leads to a wider band gap and results in metal to nonmetal transition owing to which it cannot dissociate molecular oxygen for the catalytic conversion of CO to CO 2 . In the present studies, the particle size of Ag in Ag-Sn/CeO 2 (4%) catalyst is below 3 nm but presents superb catalytic activity among the other options. This behavior of the catalysts can be assigned to the electron donating effect of Sn (Electronegativity (E. N.) = 1.8 eV) for being less electronegative than Ag (E. N. = 1.9 eV), which results in shorter band gap and enhanced catalytic activity. In comparison to the work reported by Zhang et al., 35, 53 that Ag/SBA-0500 and Au/SiO2,catalysts have 98% CO conversion at 190 and 400 °C, respectively. El-Shall and co-workers [54] [55] [56] [57] have reported the synthesis of Ag, Pd and Au (5 wt.%) nanoparticles and AuPd, PdAg (5 wt.%) bimetallic nanoalloys supported on CeO 2 for CO oxidation by two different methods, like laser vaporization and microwave irradiation. They found out that Pd/CeO 2 and Au/CeO 2 nanocatalysts, developed by laser vaporization technique, have converted CO to CO 2 with 100% efficiency at 108 and 163 °C, respectively, while the catalyst combinations Ag/CeO 2 , Pd/CeO 2 and Au/CeO 2 synthesized via microwave irradiation showed 100% CO to CO 2 conversion at 266, 151, and 301 °C, respectively ( Table 2 ). The bimetallic nanoalloys, supported on CeO 2 and synthesized by microwave irradiation, have demonstrated 93% CO conversion at 186 °C. The catalyst combination Ag-Sn/CeO 2 (4%), presented in this study, has demonstrated 100% CO to CO 2 conversion at 100 °C, which is the superb catalytic activity among the other options. This excellent catalytic performance could be attributed to the strong metal-support electronic interaction, which controls the redox behavior of silver nanoparticles.
To evaluate the long term stability and reproducibility of the designed nanocatalysts stability, tests were performed under stationary condition and fixed temperature. The stability of CeO 2 supported nanocatalysts was tested for 900 min (15 h) at 110 °C and the results are shown in Figure 9 . In the selected time period, the stability of the catalysts is in the order: Ag-Sn/CeO 2 (4%) > Ag-Sn/CeO 2 (3%) > Ag-Sn/CeO 2 (2%) > Ag-Sn/CeO 2 (1%) = CeO 2 . Surprisingly, the CO conversion over the 4, 2 and 3% catalysts is as high as 97, 85 and 64%, respectively, for about 700 min. These values decrease slowly to 95, 80 and 60% after keeping the catalysts at 110 °C for 900 min. The 4, 2 and 3% catalysts have demonstrated 5, 8 and 6% stability loss in the whole testing period, respectively. Possible explanation for the long term stability of these catalysts is the appropriate quantity of metal loading on support and their mutual interaction for reproducing their electronic states, which is a key factor for catalytic recycling. The behavior of Ag-Sn/CeO 2 (1%) catalyst is different from the other options and the CO conversion percentage decreases from 79 to 40% with 39% stability loss for 900 min at 
Conclusions
In summary, catalyst combinations like Ag-Sn/CeO 2 with different Ag-Sn wt.% loading were synthesized by co-precipitation method, characterized by a range of instrumental techniques and tested for catalytic CO oxidation reaction. PXRD and HRTEM analyses confirmed that these catalysts have small particles with narrow size distribution over support surface. UV-Vis and H 2 -TPR measurements have recommended strong metal-support interaction, which expedites the catalytic activity and catalysts stability. The catalysts are classified by increasing the order of their activity as Ag-Sn/CeO 2 (3%) < Ag-Sn/CeO 2 (1%) < Ag-Sn/CeO 2 (2%) < Ag-Sn/CeO 2 (4%) after their testing for CO oxidation reaction. The Ag-Sn/CeO 2 (4%) catalyst is the most promising catalyst combination of this study among the other options, which presents 100% CO oxidation at 100 °C and only 5% stability loss at 110 °C for 900 min due to small particle size and strong metal-support interaction.
